The present study evaluated the associations among antioxidants, fruit and vegetable intake, and the risk of Barrett's esophagus (BE), a potential precursor to esophageal adenocarcinoma.
INTRODUCTION
The incidence of esophageal adenocarcinoma has increased by greater than 500% in the last three decades, more rapidly than any other malignancy in the United States (1) (2) (3) (4) (5) (6) . Barrett's esophagus (BE) is a metaplastic transformation of the esophageal squamous epithelium into specialized intestinal columnar epithelium and is a strong risk factor for esophageal adenocarcinoma (1, (7) (8) (9) . The risk factors for BE are not well understood and may represent early events in the carcinogenic pathway for esophageal adenocarcinoma. As patients with BE have a 30-to 40-fold increased risk of esophageal adenocarcinoma, there is a compelling rationale for characterizing its potentially modifiable risk factors (10) . Diet may be a modifiable risk factor, though its associations with BE have not been reported.
Antioxidants such as vitamin C, vitamin E, selenium, and carotenoids may be anticarcinogens, possibly through their ability to reduce DNA damage by scavenging reactive oxyTo access a continuing medical education exam for this article, please visit www.acg.gi.org/journalcme. gen species (11) . A recent meta-analysis of epidemiological studies reported that antioxidants such as vitamins C, E, and beta-carotene are inversely associated with the risk of esophageal adenocarcinoma (12) . Higher serum selenium levels may also be associated with a lower risk of progression from BE to esophageal adenocarcinoma, although data are somewhat discordant (13) (14) (15) .
On the other hand, others postulate that fruits and vegetables are more important in the etiology of esophageal adenocarcinoma than antioxidants themselves. Fruits and vegetables contain not only high levels of antioxidants, but also numerous other known and unknown nutrients and compounds that may interact in a particular way to affect human health. A few case-control studies have reported an inverse association between fruit and vegetable intake and the risk of esophageal adenocarcinoma (16) (17) (18) (19) (20) . Another large-scale, U.S. case-control study, while not examining the effect of fruits and vegetables, reported that antioxidants from dietary source were inversely associated with the risk of esophageal adenocarcinoma, while no association was found for antioxidants taken as a dietary supplement (21) . In vitro experiments suggest that some oxidizing agents cause DNA damage and enhance cancer cell replication (22, 23) . As esophageal populations of BE cells are frequently clonal, such agents could theoretically both initiate and promote clonal growth of cells such as BE (24) . An animal model of BE and esophageal adenocarcinoma also supported a role for antioxidants in the carcinogenic pathway: supplementation with the antioxidant vitamin E decreased the cancer risk for the animals, whereas iron (an oxidizing agent) increased the risk (15, 25) .
Few human data exist on the associations between diet and BE (25) . The evaluation of an esophageal adenocarcinoma precursor (such as BE) may reduce biases seen in case-control studies of esophageal adenocarcinoma, as this malignancy may alter diet or body weight. In addition, examination of the earlier stages of carcinogenesis permits an evaluation of whether diet acts early in the carcinogenic sequence by increasing the incidence of a precursor, i.e., BE. A recent study from Ireland reported an inverse association between fruit and vegetable intake and the risk of BE (26) and another hospital-based study reported an inverse association between vitamin C intake and BE (27) , though both studies used only population controls as a comparison group. Another study that examined the plasma concentration of antioxidants and the risk of BE reported that BE patients had lower levels of plasma antioxidants, such as selenium and vitamin C, compared with controls (28) . However, plasma biomarkers do not provide definitive information on patterns of food consumption (such as fruits and vegetables) and cannot separate dietary versus supplement intake; these factors are all important in planning potential nutritional interventions (29) .
We conducted the first U.S. case-control study within a community-based population to examine the association between antioxidant intake (both dietary and supplemental) and the risk for a new diagnosis of BE.
MATERIALS AND METHODS

Study Population
The details of the study design have been described previously (30) . This case-control study was conducted within the Kaiser Permanente, Northern California (NCKP) population, an integrated health services delivery organization. NCKP contains approximately 3.3 million persons; the membership has demographics that closely approximate the underlying census population of Northern California (31, 32) . Eligible subjects were all adult (ages 18-79 yr) NCKP members who were continuously enrolled for at least 2 yr prior to their index period, met the case or control definitions outlined below, and were able to understand spoken and written English. The index date for cases was the date of BE diagnosis. The index date for controls was the midpoint of each 2-to 3-month selection interval for the cases. The questionnaires asked participants to report exposures in the year prior to the index date.
Case Definition
Cases were NCKP patients (ages 18-79 yr) assigned a new diagnosis of BE between 2002 and 2005. First, potentially eligible cases were identified using the International Classification of Disease, 9th revision (ICD-9) code 530.2, which at NCKP is uniquely coded on reporting sheets as "Barrett's esophagitis." A board-certified gastroenterologist (DAC) then reviewed the endoscopy and pathology of records of potentially eligible cases to determine if they met the stated BE definition. Subsequently, all pathologic slides underwent a separate review by an independent gastrointestinal pathologist to evaluate the presence of intestinal metaplasia. The following patients were excluded: patients with only gastric-type metaplasia of the esophagus, patients with columnar metaplasia without features of intestinal metaplasia on any pathologic evaluation, patients without a biopsy of esophageal origin, and patients with a prior BE diagnosis.
Population Controls
Population controls were randomly selected from at-risk members of the entire Northern California Kaiser membership roster at the time the BE cases were identified. Controls carrying a prior diagnosis of BE by ICD-9 code 530.2 in the database were excluded.
GERD Comparison Group
GERD controls were adult NCKP members who had a diagnosis of GERD (ICD-9, codes 530.11, reflux esophagitis, or 530.81, gastroesophageal reflux [GERD]), a prescription sufficient for at least 90 days' use of histamine-2 receptor antagonists or proton pump inhibitors (medications used for treating GERD symptoms) in the previous year (documented from electronic pharmacy records), no prior known diagnosis of BE prior to the period of case selection by electronic coding, and performance of an esophagogastroduodenoscopy (in proximity to the index date of the case group) that did not demonstrate esophageal columnar metaplasia of any type (all reports were manually reviewed by a study gastroenterologist). A prior study that contrasted a similar strategy with interviews for GERD symptoms demonstrated that this method is highly specific for a GERD diagnosis (33) .
Exposure Measurements
All study subjects completed an in-person interview (most commonly at the subject's home) of GERD symptoms, medication use, medical history, tobacco use, and alcohol use; phlebotomy; and anthropometric measurements.
We assessed subjects' nutritional intake using a validated 110-item food frequency questionnaire (FFQ) (Block 98) (34) (35) (36) (37) . This FFQ estimates average daily nutrient intake, including antioxidants, fruits, and vegetables, based on questions about frequency and portion size of a given food and usual eating habits over the year before the index date. The questionnaire has good correlations with multiple-day dietary records in a wide variety of population subgroups in assessing past dietary habit (38) , correlates with serum measures for lipids and antioxidants (39, 40) , and provides information on the source of micronutrients (i.e., dietary vs supplemental). Subjects indicated use of dietary supplements by answering the questions regarding the type, amount, frequency, and duration of various vitamins, minerals, and commonly used multivitamins. The original dietary data were translated to daily intakes of specific nutrients using Block Dietary Data Systems (Nutrition Quest Berkeley, CA).
Quartile categories used distributions from the population control group. An antioxidant composite variable (antioxidant index) was created to obtain a combined measure of dietary and supplemental antioxidant intake from vitamins C, E, and beta-carotene and selenium. We evaluated each subject's total antioxidant intake using an "antioxidant index" that summed the decile category of each nutrient for each subject. For example, a subject with an antioxidant intake in the first decile for each of the four micronutrients had an antioxidant index equal to 4, while a subject in the tenth decile for each micronutrient had an antioxidant index equal to 40. We excluded subjects with over 20 missing food items or with extremely high or low total caloric intakes.
Statistical Analysis
In total, 296 BE cases, 308 GERD controls, and 309 population controls were included in the analyses after exclusion of subjects who did not complete the FFQ (N = 28) or who had extreme responses in the questionnaire as described previously (skipped items >20 N = 5, extreme caloric intakes N = 7).
Unconditional logistic regression was used to calculate odds ratios (ORs) as an estimate of the relative risk and corresponding 95% confidence intervals (CIs) (41) . All analyses were performed comparing cases versus population controls and cases versus GERD controls. The control groups were frequency-matched to cases (at the time of case diagnosis) by gender (given the high proportion of men among BE patients), age at the index date (by 5-yr age groups), and geographic region (each subject's home facility). We evaluated the following additional variables as potential confounders: ethnicity (classified as white vs nonwhite due to small sample sizes in the ethnic subgroups), smoking (ever vs never, current vs never), body mass index (BMI [kg/m 2 ]), abdominal obesity (waist circumference), recent alcohol use (number of drinks/wk), aspirin or nonsteroidal anti-inflammatory drug (NSAID) use, a comorbidity index (the DxCg score, which creates a predictive comorbidity score based on demographic data, medical coding, and pharmacy utilization) (42, 43) , education, income, and total caloric intake per day. Confounders were included in the final model if their inclusion altered the β coefficient by >10%. As each antioxidant is likely to be collinear with another, we did not control for other antioxidants in the final model. The final model was adjusted for the frequency-matched variables (age, sex, and geographic region), in addition to race, supplement use status, and energy intake, which are known to be associated with BE and/or diet.
The results for antioxidant intakes were stratified by dietary intake and total intake to separately evaluate the influence of antioxidants from different sources. For total intake (combined supplemental and dietary intake), only individuals who reported the use of the specific supplement for >2 yr were included. Subjects with ≤2 yr of supplement use before diagnosis were excluded to avoid potential bias: those who were diagnosed with BE or GERD, or those who were more symptomatic, may have started to use the supplement soon after the diagnosis or appearance of the symptoms. For dietary intake analyses, all subjects were included.
Data were first analyzed by quartile (the lowest quartile as referent). We also evaluated intake as a continuous variable for each nutrient to maximize the power to detect trends. Given the extremely nonnormal distribution of intake and the possibility that the change in risk may not be linear, the continuous values were transformed using the natural log. The antioxidant index and fruit/vegetable intake patterns, which were more normally distributed, are reported without log transformation.
We also examined whether use of dietary antioxidant supplements had an effect if one's baseline dietary intakes were low. For this analysis, among subjects in the lowest quartile of dietary antioxidant intake, we evaluated whether the risks of BE differed between long-term supplement users of each micronutrient (either as a multivitamin or a specific supplement) versus supplement nonusers.
All studies were analyzed using SAS statistical software (SAS Institute, Inc., Cary, NC). The study and analyses were approved by the institutional review board.
RESULTS
Baseline Characteristics
The baseline characteristics of the study subjects are presented in Table 1 . The demographic characteristics were fairly evenly distributed among the three groups, although cases tended to have a slightly higher proportion of ever smokers compared to the other groups, and population controls were more likely to have higher education and income. The unadjusted average intakes of total antioxidants (combination of dietary and supplemental), energy, and fat were comparable among the three groups, though population control subjects tended to have somewhat higher unadjusted intakes of individual micronutrients and fruits and vegetables. Among the long-term supplement users, 83% used a multivitamin at least once a week (the majority of them including minerals), approximately 50% took vitamin C and/or vitamin E, 7% took beta-carotene, and none used a selenium supplement. Multivitamins such as an antioxidant complex or stress tabs were assumed to provide vitamins C, E, and beta-carotene, and those that contained minerals provided selenium. As (25) 106 (34) 102 (33) * Some items do not add up to the total numbers of subjects included in the dietary analyses due to missing data.
described above, 148 (16%) subjects were excluded from the total antioxidant analyses (but not the dietary analyses) because of their short-term vitamin use (141 subjects) or missing supplement information (7 subjects).
VITAMIN C. When cases were compared with population controls, there was a strong inverse association between dietary intake of vitamin C and the risk of BE: subjects in the fourth quartile of dietary vitamin C intake (median intake 179 mg/day) had a 50% lower risk of BE than those in the first quartile (median intake 46 mg/day, OR 0.48, 95% CI 0.26-0.90) ( Table 2 ). On the other hand, there was no association between total intake (dietary plus supplemental) of vitamin C and the risk of BE (Table 2) .
When cases were compared with GERD controls, the associations were similar for dietary intake: the highest quartile of dietary vitamin C intake was associated with over a 50% reduction in the risk (OR 0.44, 95% CI 0.24-0.83), while for total intake, the associations were inconsistent and not statistically significant (Table 3) . VITAMIN E. When cases were compared with population controls, dietary vitamin E had a strong inverse association with the risk of BE (OR 0.25, 95% CI 0.11-0.59, median intake 18.0 µg/day vs 5.2 µg/day) ( Table 2 ). In contrast, there was no significant association between total vitamin E intake and BE. ¶The cutoff points for all quartiles were made from the distribution of all population controls. * * The unit is the natural log of the measured unit for each nutrient. ‡ ‡ The median intake was based on population controls: total intake was among those who used supplement for the particular micronutrients >2 yr, while all subjects were included for dietary intake.
Intake of vitamin E did not appear to have strong and consistent association when cases were compared with GERD controls (Table 3) .
BETA-CAROTENE. When cases were compared with population controls, subjects in the highest quartile of dietary beta-carotene intake had a 44% lower risk of BE compared with those in the lowest quartile (OR 0.56, 95% CI 0.32-0.99, median intake 6.1 mg/day vs 1.2 mg/day). The total intake was also inversely associated, though the CI included 1.0. Compared with GERD controls, the inverse associations were weaker and inconsistent (Table 3) . SELENIUM. Dietary selenium intake was inversely associated with the risk of BE with a borderline significance. On the other hand, the highest intake of total selenium was strongly associated with reduced risk of BE (OR 0.29, 95% CI 0.09-0.94, median intake 214 µg/day vs 66 µg/day) ( Table 2) .
When cases were compared with GERD controls, the results for the categorical analysis for dietary intake were similar to the population control comparison, though the results for continuous analysis were statistically significant (OR 0.78, 95% CI 0.61-0.99) ( Table 3) . No association was observed for total intake.
ANTIOXIDANT INDEX. The overall standing of antioxidant intake was measured as an antioxidant index. Our results demonstrated strong associations of overall dietary antioxidant intake as an index: individuals in the highest category of antioxidant index had a substantially lower risk of BE compared with those in the lowest category (OR 0.30, 95% CI 0.13-0.71), with a significant trend across the categories (P = 0.004). The antioxidant index for total intake also had an inverse association (P = 0.01). For cases versus GERD controls, no significant association was observed for dietary or total antioxidant intake ( Table 3) . ¶The cutoff points for all quartiles were made from the distribution of all population controls. * * The unit is the natural log of the measured unit for each nutrient. ‡ ‡ The median intake was based on population controls: total intake was among those who used supplement for the particular micronutrients >2 yr, while all subjects were included for dietary intake.
THE EFFECTS OF FRUITS AND VEGETABLES. There was a strong inverse association between consumption of
fruits and vegetables and the risk of BE (Table 4) . Individuals with the highest intake of fruits and vegetables (median intake 8.3 servings/day) had a 73% lower risk of developing BE compared with those in the lowest category (median intake 2.0 servings/day) (4th vs 1st quartile OR 0.27, 95% CI 0.15-0.50). The analyses of continuous variables demonstrated that each additional serving per day of fruit/vegetable intake was associated with a 14% reduction in risk (OR 0.86, 95% CI 0.80-0.93). When GERD controls were compared, the protective effects were weaker and statistically nonsignificant. When fruits and vegetables are analyzed separately, consumption of vegetables had a slightly stronger effect than fruits alone (data not shown). Inclusion of long-term vitamin use in the model did not change the effect estimates substantially (data not shown).
EFFECT OF SUPPLEMENT USE. The long-term use of dietary supplements did not influence the risk of BE, even among persons with low dietary intakes (Table 5 ). For example, among subjects within the lowest quartile of dietary vitamin C intake, vitamin C supplement users had a slightly higher, though nonsignificant, risk of BE compared with nonusers (OR 1.32, 95% CI 0.70-2.47). Similar results were observed for vitamin E and beta-carotene (Table 5) , as well as for comparisons between cases versus GERD controls (data not shown).
Additional analysis comparing the risks for different levels (low, medium, and high) of total antioxidant intake among supplement users and nonusers showed similar associations: all ORs were above 1 for each micronutrient, indicating that supplement intake had little effect on the risk of BE (data not shown).
Supplemental Analyses
STRATIFICATION BY SUPPLEMENT USERS VERSUS NONUSERS. As those who are long-term supplement users may be fundamentally different from nonusers, we conducted an additional analysis stratifying the results by supplement user status. The results were similar to what we found in the present analyses: dietary intakes for most antioxidants were associated with a lower risk of BE among both supplement users and nonusers, while no association was seen for total intake (data not shown).
EFFECTS OF ANTIOXIDANTS ON GERD. We also evaluated associations between antioxidants (and fruits and vegetables) and a GERD diagnosis by contrasting intakes between the GERD group (who lacked BE) and population controls. There were inverse associations between dietary vitamins C, E, and beta-carotene and the risk of GERD (4th vs 1st quartile OR 0.51, 95% CI 0.29-0.90; OR 0.46, 95% CI 0.21-0.99; OR 0.49, 95% CI 0.28-0.85, respectively). There was no association between the total intake of any antioxidant and the risk of GERD. Each daily serving of a fruit or vegetable was associated with a 10% reduction in the risk of a GERD diagnosis (OR 0.90, 95% CI 0.85-0.97, per serving). ANALYSIS OF CONFOUNDERS. The evaluation of additional potential confounders did not demonstrate any evidence of confounding by smoking (ever vs never or current vs never), BMI (kg/m 2 ), recent alcohol use (number of drinks/wk), aspirin or NSAID use, a comorbidity index (the DxCg score), education, and income. A fully adjusted model for the highest quartile of vitamin E dietary intake (containing all these factors plus age, gender, geographic region, supplement use status, and ethnicity) (OR 0.27, 95% CI 0.11-0.67) was similar to a model that contained only age, gender, ethnicity, supplement use status, geographic region, and total caloric intake (OR 0.27, 95% CI 0.12-0.65). For both antioxidants and fruit and vegetable analyses, when other dietary factors such as folic acid, cholesterol, isoflavone, meat, cereal fiber, and protein were included in the model one by one, the results did not change substantially.
DISCUSSION
This is the first U.S. population-based case-control study that examined the association between intake of antioxidants and the risk of BE. The study demonstrated that antioxidant intake was inversely associated with the risk of developing BE and that the effects appear to come mainly from dietary sources, rather than from supplemental sources. There was a low threshold level for dietary intake beyond which higher intakes of micronutrients were not associated with a further reduction in the risk. Consumption of fruits and vegetables was strongly associated with a lower risk of BE, which is also strongly associated with antioxidant intake. These associations were weaker and inconsistent when GERD controls were compared with cases, suggesting that although diet may influence the occurrence of GERD among persons with GERD, it does not substantially influence the risk of BE.
This study complements previous analyses that reported an association between antioxidant intake (18, 21, 44, 45) or fruits and vegetables (16, 17, 20, 26, 46) and esophageal adenocarcinoma. Most of these studies reported a lower risk of esophageal adenocarcinoma among subjects with higher antioxidant intakes, but very few investigated the sources of antioxidants. Our study demonstrates that dietary factors affect the early stage of the carcinogenesis process and corroborates the previous study, reporting a stronger beneficial effect of dietary sources of antioxidants compared with supplemental intake on the risk of esophageal adenocarcinoma (21) . The inverse association between fruits and vegetables and the risk of BE agrees with the previous population-based case-control study in Ireland (26) . Our results further suggest that antioxidants may only be surrogates for fruit and vegetable intake and that antioxidant supplements do not modify the risk of BE among persons with low intakes of fruits and vegetables. This finding supports the recommendation from the World Cancer Research Fund and American Institute for Cancer Research that individuals should try meeting nutritional needs through diet alone and that dietary supplements are not recommended for cancer prevention (47) . The same report also warned that high doses of supplement use, particularly betacarotene, could increase the risk of certain cancers (47) ; it is conceivable that other antioxidants may also have paradoxical toxicities at higher doses. If true, this finding may partially explain the null effects of total intake observed in this study.
The discrepancy between dietary and total intake, as well as the lack of effect of supplement intake among those with low dietary intakes, indicate that the beneficial effects of fruits and vegetables cannot be fully explained by the intake of antioxidants per se. In addition, the observed inverse associations for fruits and vegetables persisted even after controlling for other factors, such as obesity and intakes of total energy, folic acid, total fat, saturated fat, trans fat, cholesterol, meat, isoflavone, or fiber (data not shown), demonstrating that the effect of fruit and vegetable intake was independent of other dietary factors that affect various health outcomes. There are likely to be other unmeasured compounds in fruits and vegetables that affect the early events in carcinogenesis, or there may be complex interactions among various known and unknown compounds and nutrients affecting the etiology of BE.
Our results also suggest that the effect of diet on esophageal adenocarcinoma may be mediated by changes in the risk of GERD and BE. The strong inverse associations observed in the case versus population control comparison weakened when GERD controls were used as the referent. This may be due to a few different reasons. First, the diet-BE association may be at least partially mediated by GERD: our supplemental analyses showed strong inverse associations between vitamins C, E, and beta-carotene and a diagnosis of GERD. Diet may modify the risk of developing GERD, which in turn affects the risk of BE. Second, GERD controls may be similar to cases in many ways, thus overmatched with the cases. For instance, both the cases and GERD controls had upper gastrointestinal (GI) symptoms, requiring an endoscopy: individuals who undergo endoscopy may be fundamentally different from those who do not in many ways, including dietary choices. Both the GERD group and cases may have lower intakes of antioxidants and fruits and vegetables compared with population controls, making the two groups similar to each other (i.e., weakening the associations that were seen in the comparison of population controls). Third, there may be differences in dietary effects depending on the severity or frequency of the GERD symptoms. However, our supplemental analysis adjusting for weekly GERD symptoms did not change the point estimate substantially: for instance, the effect of high dietary vitamin E intake (OR 0.27, 95% CI 0.12-0.65) was almost identical to the odds ratio adjusted for weekly GERD symptoms (OR 0.25, 95% CI 0.08-0.82). Further research is needed to examine these effects to better understand the role of GERD in the diet and BE association.
There are several strengths of this analysis. First, the subjects came from a diverse population base that closely approximates the region's census demographics; thus, the results can likely be generalized to similar large populations. Second, this is the first study to use only patients with an incident diagnosis of BE and the study identified all patients with an incident diagnosis within the population. The use of prevalent cases or referral cases may select for patients with a different clinical course or patients compliant with followup; prevalent cases may also have initiated changes in diet or other behaviors after their BE diagnosis (48) . The use of cases with an incident diagnosis thus minimizes selection bias and provides the most valid evaluation of the entire population of BE patients. Third, the availability of a GERD comparison group provided information on the risk of BE among patients with GERD. Finally, the data were of high quality, as measurements used trained personnel, a systematic protocol, an established laboratory, validated questionnaires, and direct review of the endoscopy and pathology results.
There are several potential limitations of this analysis. First, case-control studies cannot definitively establish cause and effect (41) . BE could have developed years before the diagnosis, and the effects of dietary factors that influence its development could have begun long prior to the diagnosis. Although a prospective cohort study would be a better design to detect the temporality of these events, the cost of such a study may be prohibitive. Second, observational studies are subject to confounding by other unmeasured variables. Although analyses that evaluated all the measured potential confounders provided little evidence of confounding, we cannot exclude the possibility that some measured or unmeasured factors might have influenced the results. Third, estimation of one's dietary intake using the FFQ may not be accurate and lead to misclassifications of antioxidant index: the lack of association seen for supplement intake could have been due to such nondifferential misclassification bias, although it is not clear that subjects recall dietary intake more accurately than supplemental intake. Lastly, the presence of nonresponders may lead to bias. However, electronic data suggested that nonresponders were similar to responders on major demographic variables and were slightly healthier than the responders (slightly lower comorbidity scores), which would tend to bias the results toward the null (if at all).
In summary, in a nonreferral population, we found inverse associations among dietary antioxidants, fruit and vegetable intake, and a new diagnosis of BE. Higher doses of antioxidants from vitamin supplements did not reduce the risk beyond dietary intake, and the inverse effects were also seen with fruit and vegetable intake. Future avenues
